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The cytoplasmic membrane of bacteria plays a crucial role in maintaining intracellular 
homeostasis that is balanced between solute-specific carrier- or transporter-mediated uptake and 
efflux of their substrates.  In terms of amino acid metabolism, extensive biochemical and 
genetic studies have identified and characterized a large number of amino acid importers.  In 
contrast, due in part to technical difficulties, studies on amino acid exporters lagged behind that 
of importers until the first identification of the lysine exporter, LysE, of Corynebacterium 
glutamicum (Vrljic et al., 1996).  Since then, more than a dozen amino acid exporters and their 
homologues have been identified so far.  
Recently, it was found by Hori in our laboratory that a novel gene, ygaW, encodes the 
major L-alanine exporter in E. coli and was renamed as alaE for alanine export (Hori et al., 
2011a).  Striking features of AlaE are that the protein contains only 149 amino acid residues 
which is the smallest among the amino acid exporters identified to date, and it is predicted to, 
have four transmembrane segments (TM1 to TM4) (Fig. 1).  In addition, alaE homologues 
were found to be conserved only in gamma- and alpha-proteobacteria.  Hori et al. isolated the 
mutant lacking alaE and found that it was hypersusceptible to the L-alanine-containing 
dipeptide, Ala-Ala, suggesting that the mutant accumulated a toxic level of intracellular L-
alanine due to its L-alanine export defect (Hori et al., 2011b).  Indeed, the alaE-deficient 
mutant derived from an L-Ala nonmetabolizing strain (MLA301) accumulated over 160 mM L-
alanine in the cells in the presence of 6 mM Ala-Ala, whereas intracellular L-alanine in the 
alaE-overexpressing cell was below 40 mM under the same conditions (Hori et al., 2011a and 
2011b).  
In order to elucidate the physiological roles of the amino acid exporters, it is essential 
to gain a profound understanding of the function of the exporters.  For this purpose, I took the 




In addition, for further understanding of the molecular mechanisms of AlaE-mediated L-alanine 
export, I focused on three cysteine residues present in AlaE (Cys22 in TM1, Cys28 in TM1, and 
Cys135 in the cytoplasmic carboxyl terminal region), and charged amino acid residues in the 
predicted transmembrane segments (Glu30 in TM1, Arg45 in TM2, and Asp84 in TM3) (Fig. 1). 
To see the roles of these amino acid residues in the function of AlaE, I replaced them with other 
amino acid residues and then evaluated activities of each mutagenized AlaE variant in this study. 
 
2.  Evaluation of L-alanine export activity of AlaE in intact Escherichia coli cells 
In order to elucidate the physiological roles of the L-alanine exporter AlaE, it is essential 
to gain a profound understanding of the functionality of AlaE.  As the first step, I determined 
time course accumulation of [3H]L-alanine in intact cells producing wild-type AlaE (MLA301), 
cells lacking the alaE gene (MLA301ΔalaE), and MLA301ΔalaE/pAlaE producing plasmid-
borne AlaE (Fig. 2).  Intact cells of MLA301ΔalaE and MLA301ΔalaE/pAlaE accumulated 
[3H]L-alanine about 200% and 55%, respectively, of that in their parent strain MLA301. 
Although the level of intracellular L-alanine is sum of the uptake and efflux of L-alanine, the 
different levels of L-alanine accumulation in these strains are in accordance with the conception 
that AlaE exports L-alanine out of the cells. 
 
3.  Evaluation of L-alanine export activity of AlaE using inverted membrane vesicles 
     As described above, it is difficult to separate the export step via AlaE from the import step 
by [3H]L-alanine accumulation experiment using intact cells.  To determine L-alanine export 
activity of AlaE more directly, I analyzed AlaE transport activity using the inverted membrane 
vesicles prepared from alaE-overexpressing (MLA301ΔalaE/pAlaE) and alaE-deficient 
(MLA301ΔalaE) cells.  For this purpose, cells were passed through a French pressure cell and 
the inverted membrane vesicles were obtained.  First, I determined [3H]L-alanine accumulation 




in Figure 3, the inverted membrane vesicles prepared from MLA301ΔalaE accumulated only a 
basal level of [3H]L-alanine both in the presence and absence of NADH (Figs. 3C and D).  On 
the other hand, the inverted membrane vesicles prepared from MLA301ΔalaE/pAlaE showed 
[3H]L-alanine accumulation in a dose-dependent and an energy-dependent manner (Figs. 3A and 
B).  These results clearly indicated that AlaE catalyzes a downhill movement of L-alanine 
according to its chemical potential.  I asked whether, as a next step, AlaE catalyzes active 
transport of L-alanine under conditions in which intravesicular substrate concentrations were 
equal to (equilibrium conditions) and higher than (uphill conditions) external solute 
concentrations.  For this purpose, I prepared L-alanine (200 mM)-loaded inverted membrane 
vesicles and determined the accumulation of [3H]L-alanine in the vesicles by setting the external 
L-alanine concentration to be 200 mM and 0.34 μM to make the equilibrium and uphill, 
respectively, conditions.  Under both conditions, the membrane vesicles prepared from 
MLA301ΔalaE/pAlaE accumulated [3H]L-alanine in the presence of an energy source (NADH) 
(Figs. 4A and C).  In contrast, a transient [3H]L-alanine accumulation was observed in the 
vesicles prepared from MLA301ΔalaE in the presence of NADH under both conditions (Figs. 
4B and D).  When the transient substrate accumulations, which were corresponded to AlaE-
independent background transport, were subtracted from those of AlaE-mediated accumulations, 
genuine AlaE-mediated energy-dependent uphill transports of L-alanine were obtained (dotted 
lines in Figs. 4B and D).  These results unequivocally demonstrated that AlaE catalyzes the 
active export of L-alanine in an energy-dependent manner. 
 
4.  Construction of cysteine-less AlaE and its export activity 
For further understanding of the molecular mechanisms of AlaE-mediated L-alanine 
export, I employed the cysteine-scanning approach to decipher the function and topology of 
AlaE.  An important prerequisite to apply this technique to the functional analysis of AlaE is 




replaced three cysteine residues, Cys22, Cys28, and Cys135, with alanine and determined the 
activity of the cysteine-less AlaE.  The MIC of Ala-Ala for MLA301ΔalaE/pC22A-28A-135A 
at 44 h of incubation was >10 mg/ml, which was indistinguishable from that in MLA301 and 
MLA301ΔalaE/pAlaE, indicating that the cysteine-less AlaE retains its activity.  However the 
MIC for the cysteine-less AlaE at 24 h of incubation was 5 mg/ml, which was about half of that 
observed in wild-type AlaE (>10 mg/ml), suggesting that cysteine-less AlaE has a slightly lower 
activity than the wild-type AlaE (Table 1). 
Next, I evaluated L-alanine export activity using the inverted membrane vesicles 
prepared from MLA301ΔalaE/pC22A-28A-135A, under the downhill transport conditions and 
found that the level of [3H]L-alanine accumulation was slightly lower than that in wild-type 
AlaE (Fig. 5), which is consistent with the MIC results (Table 1).  However, it is important to 
note that the inverted membrane vesicles from cells overexpressing cysteine-less AlaE showed 
an energy-dependent accumulation of [3H]L-alanine under both equilibrium and uphill 
experimental conditions (Fig. 6).  These results clearly demonstrate that the cysteine-less AlaE 
retains its L-alanine export activity.  It should be noted, however, that under equilibrium 
conditions, a transient accumulation of L-alanine was enhanced about 2-fold compared with 
wild-type AlaE in the absence of an energy source (Fig. 6A).  It is well known that transporters 
such as the lactose and melibiose permeases catalyze substrate exchange across the membrane 
in the absence of energy ( Kaczorowski and Kaback 1979, Bassilana et al., 1987).  In analogy 
with this, I assume that this transient increment of intravesicular L-alanine could have been a 
result of the L-alanine exchange reaction under the conditions tested.  In addition, the cysteine-
less AlaE showed a transient accumulation under uphill conditions in the absence of an energy 
source (Fig. 6B). Since the outward concentration gradient of non-labeled L-alanine is present 
in the assay system, the transient uptake of labeled L-alanine into the loaded inverted membrane 
vesicles might have been the results of a counterflow, a transport mode similar to that observed 




One may argue that replacement of the cysteine residues with alanine affect the 
expression of the cysteine-less alaE gene, leading to change in its transport activity.  To clarify 
this, I constructed AlaE with a hexahistidine-tag residue attached at the carboxyl terminal end 
and confirmed that the hexahistidine-tagged wild-type and cysteine-less AlaEs possessed 
transport activity comparable with that of the respective hexahistidine-less AlaEs by 
determining the MIC of Ala-Ala (data not shown).  Their expression levels were then assessed 
by western blot analysis using monoclonal antibody raised against hexahistidine (Fig. 7).  The 
expression of cysteine-less AlaE appeared to be comparable with that of the wild-type AlaE. 
 
5.  Importance of charged amino acid residues present in the transmembrane segments in 
the AlaE activity 
It is well known that charged amino acid residues present in the transmembrane segments 
of transporters play a pivotal role in their transport activity (Yerushalmi and Schuldiner, 2000).  
AlaE has three charged amino acid residues in the predicted transmembrane segments, glutamic 
acid at position 30 (E30), arginine 45 (R45), and aspartic acid 84 (D84) in TM1, TM2, and TM3, 
respectively (Fig. 1).  I therefore focused on these charged residues and asked whether they 
may have an important role(s) in the AlaE function.  Each charged amino acid residue was 
replaced with cysteine and a conserved charged residue, e.g. glutamic acid was replaced with 
cysteine (E30C) and aspartic aicd (E30D).  Subsequently, the activity of each mutagenized 
AlaE variant was evaluated by determining MIC of Ala-Ala for MLA301ΔalaE expressing 
individual alaE mutant gene (Table 2) and quantifying intracellular accumulation of [3H]L-
alanine (Fig. 8).  Interestingly, glutamic acid-to-aspartic acid mutation at position 30 (E30D) 
had severe impact on the AlaE activity than that of E30C since the conserved amino acid 
mutation E30D exhibited lower MIC (156 μg/ml) than that of E30C (MIC, >10 mg/ml) at 44 h 
of incubation, suggesting that a negatively charged residue at this position might be dispensible 




at position 84 (D84E) showed that the mutant AlaE retained almost the same activity as that of 
the wild-type AlaE (Table 2), which was in good agreement with the result of [3H]L-alanine 
accumulation in the alaE-deficient cells expressing the plasmid-borne AlaE mutant D84E (Fig 
8).  In contrast, aspartic acid-to-cysteine mutation exerted profound impact on the AlaE 
activity (Table 2 and Fig. 8).  I could infer from these results that a negative charge at position 
84 might be critical for AlaE function.  
In addition, I observed quite intriguing results with mutations of a positively charged 
residue, arginine 45.  [3H]L-alanine accumulated in the intact cells MLA301ΔalaE/pR45C was 
nearly the same as that in alaE-deficient host cells MLA301ΔalaE, which was consistent with 
the MIC results showing significantly low MIC values for cells expressing this mutant AlaE, 
R45C (Table 2).  Quite interestingly, although the AlaE mutant with arginine-to-lysine 
mutation (R45K) showed almost nil activity as assessed by MIC determination, MLA301ΔalaE 
expressing this mutant AlaE accumulated much lower and slightly higher levels of [3H]L-
alanine than MLA301ΔalaE and MLA301ΔalaE/pAlaE, respectively (Fig 8), suggesting that 
the mutant AlaE (R45K) retained at least a partial L-alanine export activity.  
 
6.  Conclusion 
The results obtained with the inverted membrane vesicles clearly demonstrate that AlaE 
catalyzes active export of L-alanine.  To pursue the molecular mechanisms of L-alanine 
transport via AlaE, further in-depth biochemical and structural analyses are required.  Thus, I 
constructed in this study the cysteine-less AlaE variant and found that it retains L-alanine 
transport activity although the activity is slightly lower than that of wild-type AlaE.  
In addition, I focused on three charged amino acid residues present in the predicted 
transmembrane segments, Glu30 (TM1), Arg45 (TM2), and Asp84 (TM3), and constructed their 
AlaE variants. Although subsequent analyses with intact cells expressing individual mutant 




to speculate that aspartic acid 84 and arginine 45 might be involved in an energy coupling, 
probably a cation translocation, and substrate recognition, respectively.  
Taken together, this study establishes a foundation for future in-depth structural and 
functional analyses of AlaE.  Cysteine-less AlaE constructed in this study will serve a powerful 
tool for such experiments. 
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Figure 1.  The secondary structure model of AlaE.  AlaE is predicted to have four transmembrane 
segments by several algorithms used.  This figure represents the membrane topology of AlaE predicted 
by the TMHMM program version 2.0.  Transmembranes are represented by boxes.  Cysteine residues 




















Figure 2.  Accumulation of [3H]L-alanine in intact cells.  Cells were grown in minimal medium and 
suspended in the same medium. Transport assay was initiated by adding [3H]L-alanine (60 Ci/mmol) to 
the final concentration of 10 μM and then incubating at 37°C.  An aliquot (100 μl) of the cells 
suspension was filtered through a membrane filter with a 0.22 μm-pore size, and then washed twice with 
3 ml of pre-warmed minimal medium.  Values presented are the means of three independent experiments 











































































































Figure 3.  Accumulation of [3H]L-alanine in the inverted membrane vesicles under a downhill solute 
potential.  The inverted membrane vesicles were prepared from MLA301ΔalaE/pAlaE (A and B) and 
MLA301ΔalaE (C and D).  [3H]L-alanine accumulation was assayed in the presence (A and C) and 
absence (B and D) of 2.5 mM NADH.  Extravesicular L-alanine concentrations; ●, 50 mM; □, 100 mM; △,150 mM; and ○, 200 mM. Values presented are the means of more than three independent experiments 



































































































Figure 4.  Accumulation of [3H]L-alanine in the L-alanine-loaded inverted membrane vesicles under an 
equilibrium solute potential (A and B) and an uphill solute potential (C and D).  L-alanine-loaded 
inverted membrane vesicles were prepared from MLA301ΔalaE/pAlaE (A and C) and MLA301ΔalaE (B 
and D).  Extravesicular L-alanine concentrations were set to be 200 mM (A and B) and 0.34 μM (C and 
D). Symbols: ○, 2.5 mM NADH; ●, without NADH. Dotted lines in (B) and (D) show AlaE-mediated L-
alanine accumulation obtained by subtracting the values in MLA301△alaE from those in 
MLA301ΔalaE/pAlaE in the presence of NADH.  Values presented are means of three independent 

























































Table 1. MICs of L-alanyl-L-alanine for various strains 
 
 
The MIC was scored after 24 h and 44 h of incubation.  The MIC values presented are the results of 










24 h 44 h 
MLA301 156 >10,000 
MLA301ΔalaE <1.25 2.5 
MLA301ΔalaE/pSTV29 <1.25 <1.25 
MLA301ΔalaE/pAlaE 10,000 >10,000 
MLA301ΔalaE/pC22A-28A-135A 5,000 >10,000 
Figure 5.  Accumulation of [3H]L-alanine in the inverted membrane vesicles prepared from MLA301ΔalaE 
expressing cysteine-less AlaE under a downhill solute potential.  Inverted membrane vesicles were prepared 
from MLA301ΔalaE/pC22A-28A-135A, plasmid of which harbors the cysteine-less alaE gene, and incubated 
with (A) and without (B) 2.5 mM NADH.  Extravesicular L-alanine concentrations were set to 50 mM (□), 


















































Figure 6.  Accumulation of [3H]L-alanine in the inverted membrane vesicles prepared from cells 
expressing the cysteine-less AlaE under an equilibrium state (A) and an uphill L-alanine potential (B).  
Inverted membrane vesicles were prepared from MLA301ΔalaE/pC22A-28A-135A and loaded with 200 
mM L-alanine. The extravesicular L-alanine was set to 200 mM (A), and 0.34 μM (B).  Symbols: ○, 2.5 















Figure 7.  Polyacrylamide gel electrophoretogram of the membrane fraction prepared from the wild-
type and cysteine-less AlaEs tagged with hexahistidine.  Membrane fractions equivalent to 1 μg protein 
were subjected to SDS polyacrylamide gradient gel (10 to 20%) electrophoresis and the protein band was 
visualized with anti-hexahistidine mouse monoclonal antibody.  Lane 1, MLA301ΔalaE; lane 2, 
MLA301ΔalaE/pAlaE-His; lane 3, MLA301ΔalaE/pC22A-C28A-C135A-His; and lane 4, Ni-NTA resin-




















































































24 h 44 h 
MLA301 156 >10,000 
MLA301ΔalaE <1.25 2.5 
MLA301ΔalaE /pAlaE >10,000 >10,000 
MLA301ΔalaE /pStv29 <1.25 <1.25 
MLA301ΔalaE /pE30C 20 >10,000 
MLA301ΔalaE /pE30D 10 156 
MLA301ΔalaE /pR45C <1.25 10 
MLA301ΔalaE /pR45K <1.25 <1.25 
MLA301ΔalaE /pD84C 10 78 
MLA301ΔalaE /pD84E >10,000 >10,000 
 
The MIC was scored after 24 h and 44 h of incubation. The MIC values presented are the results of more 










Figure 8.  Accumulation of [3H]L-alanine in intact cells.  Cells were grown in minimal medium and 
suspended in the same medium. Transport assay was initiated by adding [3H]L-alanine (38 Ci/mmol) to 
the final concentration of 10 μM and then incubated at 37°C.  An aliquot (100 μl) of the cells suspension 
was filtered through a membrane filter with a 0.22 μm-pore size, and then washed twice with 3 ml of pre-
warmed minimal medium.  Values presented are the means of three independent experiments ± standard 
deviations. Symbols in A: ○, MLA301ΔalaE; ●, MLA301ΔalaE/pAlaE; △, MLA301ΔalaE/pE30C; and 
▲, MLA301ΔalaE/pE30D.  Symbols in B: ○, MLA301ΔalaE; ●, MLA301ΔalaE/pAlaE; ◊, 
MLA301ΔalaE/pR45C; and ♦, MLA301ΔalaE/pR45K.  Symbols in C: ○, MLA301ΔalaE; ●, 
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